More than 100 million people in Asia are presently exposed to groundwater with arsenic (As) concentrations exceeding the World Health Organization standard of 10 lg L
INTRODUCTION
Deposition of arsenic-bearing sediments across floodplains leads to widespread geogenic arsenic (As) contamination of South and Southeast Asian aquifers including the Brahmaputra/Ganges, Mekong, and Red Rivers, encompassing Bangladesh and West Bengal, India, Vietnam, and Cambodia where over 100 million people are at risk of As exposure (Fendorf et al., 2010) . Chronic exposure to As concentrations above the World Health Organization (WHO) drinking water limit of >10 lg L À1 increases the risk of a variety of ailments including dermal lesions (Das et al., 2008) , cancers (Steinmaus et al., 2000; Naujokas et al., 2013) , and neurological impairment (Wasserman et al., 2004 (Wasserman et al., , 2007 . Current estimates are that up to 19.6 million individuals are at risk of As exposure through drinking water in China (Rodríguez-Lado et al., 2013) .
Recent advances in statistical predictive models show promise in identifying As-affected areas with sparse data (Rodríguez-Lado et al., 2013) , but the regional scale of surface-feature based statistical models is larger than the spatial variation of As concentrations, which can vary over tens of meters (Michael, 2013) . Although similarities exist between aquifer systems in Asia, no comprehensive model exists that captures the complexity of when and where high As concentrations occur across Asian aquifers. Reductive dissolution of As-containing iron oxides is the predominant mechanism leading to elevated As concentrations in lowlying areas across Asia (Nickson et al., 1998; Smedley and Kinniburgh, 2002) , but As concentrations vary significantly over small geographic regions (van Geen et al., 2003) . Previous studies have focused on identifying the relevant source of reactive organic carbon with reports of codeposited sedimentary carbon (Nickson et al., 2000; McArthur et al., 2004; Meharg et al., 2006) and surfacederived dissolved organic carbon (DOC) (Harvey et al., 2002; Mailloux et al., 2013) serving as the relevant electron donor. However, reactions releasing As are limited by the reactivity of Fe-oxide phases hosting As with respect to available reactive organic carbon for microbial metabolism (Stuckey et al., 2016) ; it is now clear that the reactivity of both the electron donor and acceptor must be considered to accurately model As release. Identifying where within the sediment profile reactions mobilizing As occur and what limits these reactions is important for predicting the distribution of arsenic contamination and understanding changes induced by land-use change, groundwater extraction, and other perturbations on groundwater As concentrations.
Seasonal variation in groundwater As concentrations makes avoiding As difficult, and although large variations have not been widely observed, it is unclear whether this is due to a lack of temporal resolution in testing (i.e., a lack of retesting a single well in multiple seasons) or because As concentrations do not generally vary with season (Cheng et al., 2005; Ayotte et al., 2015) . Within the Jianghan Plain of the Yangtze River Basin, As concentrations vary seasonally (Duan et al., 2015) resulting from changes in surface and groundwater interactions . Increases and decreases in dissolved sulfide, Fe (II), and As concentrations occur over periods of weeks to months as soluble, reduced species are oxidized following mixing of oxic surface water with reduced groundwater; as oxidant supply diminishes the aquifer again becomes reducing and concentrations increase .
We utilized a $10 km 2 field area in the Jianghan Plain with seasonally variable chemistry to assess whether Fe/ As reduction is coupled to detrital (in situ) carbon or surface-derived carbon, or a combination of these sources. The carbon source may determine the time required to observe changes in As concentrations linked to anthropogenic disturbances such as large-scale groundwater extraction (Winkel et al., 2011) and pond excavation (Neumann et al., 2010) . If the relevant source of reduced carbon is surface-derived, the lag time to observe changes is expected to be on the order of 100-1000 years, assuming flow rates in pristine groundwater systems , or on the order of decades with irrigation pumping (Harvey et al., 2006) . Conversely, if the relevant reduced carbon source is located at or near the depth of water extraction, the lag time for changes in water chemistry to occur may be similar to chemical reaction rates, which are on the order of hours to days, not dependent on advection rates. We hypothesized that a buried source of As must exist at a depth near highly variable groundwater As concentrations. Further, a carbon source reactive toward As and Fe in the sediments must co-occur or be replenished seasonally in order for seasonal changes in As concentrations to persist.
In the present study, we used a combination of field measurements, spectroscopic examination of sediments, and an expanded set of laboratory incubations and extractions to determine the reactions responsible for seasonal variation in aqueous As concentrations. Solid phase chemistry in the sediment profile coupled with hydrologic changes explain the observed seasonality in aqueous As concentrations. We also assess whether As in the sediment poses a threat to groundwater quality under scenarios of changing aquifer conditions and place our results from the Jianghan Plain in context with other arsenic-affected basins in China and South and Southeast Asia.
METHODS

Field setting and sampling procedures
The Jianghan Plain
The Jianghan Plain is an inland river basin supplied with alluvial sediment from the Yangtze River and Han River (a major tributary to the Yangtze). The >55,000 km 2 basin is located downstream of the Three Gorges Dam and has a subtropical monsoon climate with hot, wet summers and cold, dry winters. The field area for this study is a $10 km 2 site within the Jianghan Plain where land-use is mainly agricultural consisting of aquaculture ponds and upland and flooded crops. Surface water levels at the site vary by 5-8 m annually while groundwater levels fluctuate by $1 m. These shifts lead to an annual switch between groundwater discharge and recharge that drives seasonal As, Fe(II), and sulfide concentrations in the aquifer . Hydrology in the field area is likely under the influence of human activity through substantial construction of aquaculture ponds, diversion of surface water for irrigation canals, and groundwater extraction for industrial and agricultural use. Further details of the field area (30.15°N, 113.66°E) are provided in previous publications (Gan et al., 2014; Duan et al., 2015; Schaefer et al., 2016) .
Well Installation
Drilling occurred in November 2011 and sediment cores were collected during well installation using a Geoprobe 6620DT direct push drill rig (0-20 m depth) or every 3 m using a rotary drill method (20-50 m depth). Immediately after cores were brought to the surface, they were sectioned into 20 cm lengths, capped, and placed into anaerobic boxes with oxygen scavenging packs (AnaeroPack, Mitsubishi, Japan). Samples were then frozen and shipped to Stanford University, where they remained frozen until further analysis. Subsamples used for bulk analysis and acid extractions were thawed and dried in an anoxic chamber (95%:5% N 2 :H 2 , <1 ppm O 2 ) and homogenized by manual grinding. Sediments used for incubations were thawed and added to reaction vessels without drying. Dry mass was calculated by determining the water content of samples by weighing them before and after drying, and all reported values are referenced to dry sample mass.
Sediment analysis
Bulk characterization
The bulk elemental composition of samples was determined using energy dispersive X-ray fluorescence (ED-XRF) spectroscopy (Spectro Xepos). Between 1.5 and 2 g of ground sediment was placed in a plastic cup fitted with a thin layer of polypropylene Prolene film (Chemplex). Xrays were generated with a 50-watt X-ray tube and fluorescent X-rays were detected on five energy targets to cover the elemental range from sodium to uranium. Measurements were performed in a He atmosphere to minimize X-ray attenuation. Bulk elemental abundance was calculated based on the intensity of the characteristic fluorescent Xrays of each element. Carbon and nitrogen contents were determined by placing 19-20 mg of dry, finely ground sediment in a small tin and combusting at 1060°C. N 2 and CO 2 gas were measured post-combustion on a Carlo Erba Elemental Analyzer. Carbon and nitrogen analyses were performed in duplicate.
Iron and arsenic X-ray absorption spectroscopy
X-ray absorption spectroscopy (XAS) was used to probe the local chemical environment of As and Fe in sediments recovered from the field area. Arsenic K-edge X-ray absorption near-edge structure (XANES) spectroscopy was used to differentiate arsenate, arsenite, and arsenic sulfide species. Iron K-edge extended X-ray absorption fine structure (EXAFS) spectroscopy was used to apportion the Fe pool into mineralogical classes. Both As XANES and Fe EXAFS spectra were collected at beamline 11-2 at the Stanford Synchrotron Radiation Lightsource (SSRL).
Dried subsamples of selected cores were suspended in deoxygenated deionized (DDI) water, and the suspension was filtered onto cellulose filter paper (Whatman). Samples from batch incubations (details in Section 2.3) were filtered directly from incubation suspensions but otherwise treated the same. Reference standards were prepared by diluting and homogenizing powdered reference material with boron nitride to minimize self-absorption. Three to seven scans were collected for each sample and averaged. Background subtraction, normalization, and fitting were performed with the IFEFFIT routine in Athena (Ravel and Newville, 2005) .
Energy was tuned with a double crystal Si(220) monochromator and fluorescent x-rays were detected with either a 30-or 100-element solid-state Ge detector. Incident X-ray intensity (Io) was measured via an in-line ionization detector and all reported intensities are relative to Io. Higher-order harmonics were minimized with harmonic rejection mirrors, and the monochromator was typically detuned $30%.
Arsenic K-edge XANES spectra were collected by scanning from 11,635 to 12,290 eV in 6 eV steps except from 11,840-11,900 eV, where the step size was reduced to 0.3 eV. Energy was calibrated to the top of the white line of sodium arsenate (11,874 eV). Linear combination fitting was performed in the range 11,842-11,922 eV on both normalized absorbance spectra and the first-derivative of As XANES data using standards of arsenian pyrite (Stanford Mineral Collection), H 3 AsO 3 adsorbed on ferrihydrite, and H x AsO 4 xÀ3 adsorbed on ferrihydrite. Iron K-edge EXAFS spectra were collected by scanning from 6880 to 8012 eV to generate k-space data in the range 0-15.3 Å
À1
. Energy was calibrated to the K-edge of Fe foil and set to 7111 eV. Iron spectra were fit using the Fe EXAFS (v) function over a k range 3-12 Å À1 using linear combination fitting to minimize the least squares function. Fitting was restricted to the use of four components per spectrum. Standards used for Fe EXAFS fits included ferruginous smectite (SWa-1, Source Clay Mineral Repository); glaucophane, hornblende, and biotite (Stanford Mineral Collection); and ferrihydrite-, goethite-, and hematite-coated sands.
Carbon NEXAFS spectroscopy
Carbon near-edge X-ray absorption fine structure (NEXAFS) spectroscopy was performed at the Canadian Light Source (CLS) on the spherical grating monochromator (SGM) beamline to determine the chemical speciation of C within native sediments. Samples were affixed to a copper holder using carbon tape and transferred into the beam line vacuum chamber ($10 À7 torr). Fluorescent X-rays were detected using silicon drift detectors (SDD, Amptek). Samples were scanned from 270-320 eV in continuous (fast) scan mode. Each scan lasted 60 s and 25-40 scans were collected per sample. The beam was moved to a fresh area of the sample between each scan to minimize beam damage. Individual scans were summed to provide a single spectrum for each sample, and energy was calibrated using citric acid. Each calibrated spectrum was normalized by dividing by the scattering spectrum of blank gold foil (average of >300 scans) in aXis software (Hitchcock et al., 2012) . Normalized, calibrated spectra were then imported to Athena (Ravel and Newville, 2005) where pre-and post-edge normalization was performed prior to peak fitting with Gaussian and arctangent functions.
Mö ssbauer spectroscopy
Mö ssbauer transmission spectra were collected to determine the relative ratios of Fe(II) and Fe(III) species in sediment samples, as well as to differentiate Fe(III) oxides and Fe(III) bound in silicate minerals. Samples were prepared by mounting anoxic sample between two pieces of 5 mil Kapton tape inside an anaerobic glovebox. Measurements were performed using a SVT-400 Mö ssbauer system (SEE Co., USA). Spectra were collected at 20 K to ensure Fe-oxides achieve magnetic ordering (so they manifest as a sextet feature) but to also avoid magnetic ordering of Fe in silicate minerals, allowing unambiguous differentiation of each component. Although we cannot rule out the possibility of Fe-oxides ordering below 20 K or silicates ordering above 20 K, our fitting represents the most likely scenario. Spectra were calibrated relative to a-Fe(0) foil and fit with Recoil software using a Voigt-based model (Rancourt and Ping, 1991) . We assume consistent recoilless fractions in each sample so that relative areas of fitted components are proportional to the relative abundance of each component.
Aqueous analyses
Field samples
Prior to sampling, wells in the field area were purged and temperature (±0.1°C), conductivity (±1 lS cm À1 ), pH (±0.01) and oxidation-reduction potential (ORP, ±0.1 mV) were measured in the field using a Hach HQ40D multimeter. ORP was converted to Eh by adding +240-251 mV depending on the water temperature. Samples were acidified in the field, and arsenic concentrations were measured using a Titan 930 hydride generation atomic fluorescence spectrophotometer (HG-AFS) with a detection limit of 0.05 lg L
À1
. Manganese concentrations were determined by inductively coupled plasma atomic emission spectrometry (ICP-AES, IRIS Intrepid II XSP) with a detection limit of 0.1 mg L
. Aqueous Fe(II) and sulfide concentrations were measured in the field using a Hach 2800 portable spectrophotometer and Hach reagent kits.
Laboratory samples
Major elements from acid extractions were measured by inductively coupled plasma optical emission spectroscopy (ICP-OES, Thermo ICAP 6300). Aqueous Fe(II) speciation was performed using an adapted version of the 1,10-phenanthroline method (Tamura et al., 1974) . Briefly, samples were diluted (if necessary) until the final Fe concentration was <100 lM. Each sample was split for Fe(II) and total Fe analysis. The total Fe sample was reduced with hydroxylamine-HCl prior to chromaphore addition; 1,10-phenanthroline was then added in excess to both samples, and the pH was buffered at $3 with ammonium acetate prior to measurement at 510 nm on a spectrophotometer. Good agreement (<5% difference in 7 of 11 samples, all samples <30% difference) was observed for total Fe measured by 1,10-phenanthroline and ICP-OES (Electronic Annex, Fig. EA-1 ).
Batch experiments
Sediment incubations
Sediment microcosms were performed in duplicate to track arsenic release under unamended and glucose amended conditions. 20 g of anoxic sediment was suspended in 100 mL of an anoxic solution containing 2 mM glucose or DDI water. Aliquots (5 mL) of homogenized sediment-water slurry were sampled daily for 4 d and filtered with a 0.2 lm pore membrane after which major elements were measured with ICP-OES. Following the aqueous sampling period, the incubations were left in the anoxic chamber undisturbed for 30 d until solids were removed for XAS analysis as described in Section 2.2.2.
Chemical extractions
Chemical extractions of sediments were performed to evaluate the reactivity of As in sediment from various depths. HCl extractions were performed in triplicate on anoxic sediment samples by weighing 100 mg of sediment into a 15 mL centrifuge tube and adding 12 mL of 2 M HCl (trace metal grade). Reactors were shaken for $20 h, then filtered (0.2 lm) and diluted with DI water. Major elements were measured by ICP-OES, and Fe(II) and total Fe were measured on a spectrophotometer using the 1,10-phenanthroline method (Tamura et al., 1974) .
RESULTS
Aqueous chemistry
Groundwater within the field area (Duan et al., 2015) , and throughout the Jianghan Plain (Gan et al., 2014) , is contaminated with As; within the field area we examined, wells screened at 10, 25, and 50 m average 65 lg L À1 As between May 2012 and December 2014 (Table 1) and every well in the field area recorded at least one measurement above 10 lg L À1 during the sampling period. Arsenic concentrations vary seasonally with periods of groundwater recharge and discharge, reaching >1000 lg L À1 and <200 lg L À1 annually at the well where sediment was collected ( Fig. 1) . Iron and Mn concentrations average 5.1 . The pH ranges from 6 to 8, with an average of 7.1. The coupling of increases and decreases in dissolved Fe(II) and As concentrations at the field area ( Fig. 1) indicates that both reductive dissolution and oxidative (re)precipitation of As-containing Fe-oxides control As concentrations in the aquifer .
Sediment characterization
Bulk sediment properties and chemistry
Texture analysis of recovered borehole sediment showed a sedimentary history similar to many large Asian deltas (Smedley and Kinniburgh, 2002) , including a clay and silt cap overlying sand deposits with distributed clay lenses/layers (Fig. 2) . The stratigraphy is similar to other boreholes in the Jianghan Plain (Zhang et al., 2008) , where the top $20 m is composed of clay and silt deposits, and from 20 to 50 m (maximum depth of this study) lies a sandy aquifer with interbedded clay and silt layers. Deeper clay layers (Fig. 2) split the sand deposits into locally distinct aquifers in some areas, although similar water level measurements in 25 and 50 m wells are observed in nested wells across the field area indicating a continuous and/or connected aquifer at the regional (km) scale .
Solid-phase As concentrations in the sediment profile average 12.7 mg kg À1 but reach >100 mg kg À1 in a zone of As enrichment between $18 and 20 m below ground level (Fig. 2, Table 2 ). This zone is coincident with low sediment carbon (18-20 m range 0.4-2.6 g kg À1 , 0-51 m average 10.3 g kg
À1
) and sulfur (18-20 m range 12-52 mg kg
, 0-51 m average 591 mg kg À1 ). Bulk Fe concentrations average 37 g kg À1 through the profile and range from 9.4-61.2 g kg À1 (Table 2) .
Solid-phase arsenic speciation
Arsenic K-edge XANES analysis of sediment samples reveals that As exists predominantly as H x AsO 4 xÀ3 near the land surface (85% As(V) at 1.5 m depth), but As speciation is dominated by a combination of H x AsO 3 xÀ3 (As(III)) and As-sulfide phases from 3 to 18 m depth (Figs. 2, 3, Table 3 ). At 18.7 m depth, bulk As content increases and As speciation switches to being dominated by H x AsO 4 xÀ3 (82% As(V)). Below the 18-20 m oxidized zone, reduced As phases again dominate (Fig. 2) . Arsenic sulfides present in sediments likely result from incorporation of As in authigenic Fe-sulfide minerals (Lowers et al., 2007 (Blaauw et al., 1980) , in reduced secondary silicates such as smectite (Schaefer et al., 2011) , or Fe II sorbed on mineral surfaces such as aluminum oxide or clays (Gehin et al., 2007; Larese-Casanova et al., 2010) . Goethite was used as a representative Fe-oxide, and Mö ssbauer spectral parameters are consistent with goethite in each of the samples. Fe(III)-silicate minerals are assigned on the basis of an unordered Fe(III) doublet at 20 K (Murad and Cashion, 2004) . Iron in oxidized sediment near the surface (Fig. 4) is a mix of each of these phases, but $40% of the Fe pool exists as Fe-oxide. In the relatively oxidized As-enriched zone (18-20 m), Fe-oxides are similarly abundant. From 18 m and below, the proportion of Fe-oxides decreases and a concomitant increase in Fe(II) is observed, while <5% change is observed in the Fe(III)-silicate fraction through the sediment profile.
3.2.3.2. Iron EXAFS spectroscopy. EXAFS spectra were collected to determine the speciation of Fe phases in sediments. Comparison of Fe EXAFS spectra (Fig. 5) shows changes in Fe mineral phase through the depth profile, and Fe mineralogy is closely linked to As dynamics in the aquifer (Fig. 2) . Surface sediments (1.5 m) contain $30% (EXAFS) to $40% (Mö ssbauer) of the Fe within Fe(III) Fig. 2 . Sediment characterization at borehole SY03. Bulk As content (small circles and gray fill) and arsenate fraction (filled blue circles), bulk ferric fraction determined by Mö ssbauer spectroscopy (filled red squares), and extractable ferric fraction (open red squares) are plotted as a function of sediment collection depth. Bulk As concentrations were measured by X-ray fluorescence (XRF). Ferric-iron fractions were determined from speciation of 2 M HCl extracts and represent the Fe(III) fraction of the extracted Fe, not the bulk Fe oxidation state. Arsenate speciation was determined by linear combination fits of bulk As K-edge XANES spectra (complete XANES spectral fits are provided in Fig. 2) . Sediment texture is shown on the right for reference. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) oxides. The reduced zone below this depth (2.5 m and 7.1 m samples) contains Fe in silicate minerals, consistent with the instability of Fe-oxides under strong reducing conditions. Between 18 and 23 m depth, 25-50% of sediment Fe exists as oxides, consistent with more oxidized conditions at these depths. At 31 m depth a small amount of Fe sulfide (7%) improved linear combination fit results and is consistent with higher total sulfur content at this depth. However, Mö ssbauer results did not indicate the presence of Fe sulfides. Results of Fe EXAFS spectroscopy are generally consistent with results from Mö ssbauer spectroscopy (Figs. 4, 5 , Tables EA-1 and EA-2).
Carbon NEXAFS spectroscopy
Carbon 1 s NEXAFS spectroscopy was used to probe the chemical speciation of carbon in aquifer sediments (Fig. 6a) . Spectra from all depths exhibit features generally observed in NEXAFS spectra of soil/sediment organic matter (SOM) including resonances indicating the presence of aromatic, phenolic, aliphatic, and carboxyl functional groups (Schumacher et al., 2005; Kleber et al., 2011) . In all samples, a peak is observed at 285 eV indicative of aromatic C, whereas the shoulder feature at 287.5 eV indicates the presence of aliphatic compounds. The peak at $288.5 eV indicates amide and carboxylate C. The peak at 290.3 eV, most prominent in the spectrum from 43.5 m, indicates the presence of carbonyl groups. The ratio of the intensity of peaks at 285 and 288.5 eV provides an indication of the relative aromaticity of the carbon in the sample (Kleber et al., 2011) . The 285/288.5 peak ratio increases from 0.33 at 1.5 m to 0.47 at 17.9 m before decreasing to 0.28 between 20 to 23 m (Fig. 6b) . The decrease in peak ratio indicates a decrease in relative aromaticity of the carbon at these depths. In general, spectra throughout the profile are indicative of C in microbial biomass.
Batch incubations and extractions
To determine the potential for As partitioning from solid to aqueous phase over the sediment depth profile, we conducted batch incubations with DDI water or 2 mM glucose, as well as chemical extractions with 2 M HCl. When sediment is suspended in anoxic DDI water, arsenic is released from solids of the As-enriched zone at 20 m depth, but As release is limited at all other depths (Fig. 7) . The rate of As release in DDI water from sediments of 20 m depth is initially rapid, with 70% of net As release occurring within the first day of incubation (Figs. EA-2 and EA-3). By day 4 of the incubation, 10% of total solid-phase As (Fig. EA-4) , or 11.4 lg As g À1 , was released from the 20-m sediments in DDI. Total carbon is low at this depth (Fig. 7, Table 2 ); accordingly, we tested (1) whether desorption is dominantly driven by chemically or biologically mediated processes and (2) whether arsenic release is limited by the reactivity of in situ carbon and Fe/As oxides. Fig. 3 . Arsenic K-edge XANES spectra of sediment from borehole SY03. The solid gray line shows normalized absorbance of an average of 3-8 spectra. The dotted black line is the best fit determined by linear combination fitting using the three standards shown. Sediment incubations with 2 mM glucose resulted in 24.4 lg As g À1 (23%) released from 20 m-depth sediment, but similar to DDI incubations, <1 lg As g À1 (<4%) was released from incubation of sediments from all other depths (Fig. 7) . Over a 4 d incubation, glucose addition enhanced As desorption approximately 2-fold compared to incubations with DDI water (Fig. 7) . Arsenic release rates in the presence of glucose were more extensive and over an extended time-period compared to DI water ( Fig. EA-2 ).
Sediment extractions with 2 M HCl liberate 58 lg As g À1 from 20 m-depth sediment, approximately half of the 107 lg As g À1 (Fig. 2, Table 2 ). This amount exceeds As release observed in incubations with glucose by approximately 2-fold. Arsenic release from HCl extractions has a similar trend over the depth profile to the incubations with glucose and DDI, but HCl extractions released more As, especially in near-surface sediments (Fig. 7) .
XAS analysis of incubated sediment
Sediments incubated with glucose were analyzed by As K-edge XANES spectroscopy to evaluate changes in As speciation post-incubation (Fig. 3) . Glucose addition stimulates net reduction of As at all depths, as indicated by a net decrease in the arsenate fraction in all incubated samples (Fig. 8) . At depths with limited bulk carbon and sulfur ($18-25 m), solid phase As transitions from H x AsO 4 xÀ3 to H x AsO 3 3Àx after glucose addition, which promotes As desorption (Kocar et al., 2006; . We also observed transformation of H x AsO 3 xÀ3 and H x AsO 4 xÀ3 moieties to arsenic sulfide in sediments from 7, 31, and 43 m depth (Fig. 8, Table 3 ). At these depths, glucose addition does not stimulate As release to the aqueous phase (Fig. 7) , but instead causes a transformation to Assulfides (Fig. 8, Table 3 ), sequestering As in the solid phase. Batch incubation of sediment with glucose causes reduction of H x AsO 4 xÀ3 to H 3 AsO 3 in sediment retrieved from both 1.5 m and 20 m depths. Both sediments have carbon content <8 g kg À1 and sulfur content <100 mg kg
À1
; the arsenic content varies by nearly an order of magnitude from 12 mg kg À1 at 1.5 m to 107 mg kg À1 at 20 m. Initially, sediment from 1.5 m-depth has 85% H x AsO 4 xÀ3 , which decreases to 35% at the end of incubation; likewise, the 20 m-depth sample decreases from 53% to 22% H x AsO 4 xÀ3 after glucose incubation (Table 3) . Arsenic sulfides were not detected by XANES analysis of either of these samples before or after glucose amendment (Table 3) . Release of arsenic to the aqueous phase differed between sediments from these two depths despite similar net reduction of As. Sediment collected from 1.5 m released 0.2 lg As g À1 sediment (1.4% arsenic released) while the 20 m sample released $100 times more arsenic, 24.4 lg As g À1 (23%), during incubation with glucose amendment (Fig. 7) .
DISCUSSION
Controls on arsenic dissolution and mobilization
Seasonal incursions of oxic surface water to the subsurface decrease groundwater As concentrations for periods of 1-3 months annually. Rapid cycles in As concentrations are plausible in the presence of a deep source of As and a reaction pathway that can rapidly transfer As between solid and aqueous phases. The combination of a deep (20 m) sedimentary source of Fe-oxides and As with a C source that is reactive toward Fe and As reduction provides such a pathway.
Arsenic release occurred from sediments approximately 20 m below the ground surface (Fig. 7) , coincident with peak dissolved As concentrations measured in the aquifer . Periods of surface water recharge coincide with low groundwater As concentrations via introduction of an oxidant during recharge; upon gradient reversal to groundwater discharge, and the cessation of oxidant delivery to the subsurface, anoxic conditions dominate along with elevated As concentrations . The rapid changes in As concentration within the Jianghan Plain suggest that As cycling is occurring at depths proximal to the screened wells at 25 m. Sediment at well-depths with the highest dissolved As concentrations ($20 m depth) in the Jianghan Plain contains >100 mg As kg À1 and provides a potential source of As. Sediments at $20 m depth contained oxidized Fe(III) and As(V) (Fig. 2) and $0.2% carbon (Fig. 7, Table 2 ) at the time of sediment coring. Iron(III) oxides account for 25-40% of the Fe pool between 18 and 23 m (Figs. 4, 5 , Tables EA-1 and EA-2) and likely concentrate arsenic at this depth through the formation of arsenate/arsenite surface complexes (Waychunas et al., 1993; Fendorf et al., 1997; Dixit and Hering, 2003) . Water in contact with oxidized sediments containing Fe(III) oxides generally exhibits low dissolved arsenic concentrations due to the high affinity of arsenic oxoanions for Fe(III) mineral surfaces (Fendorf et al., 1997; Dixit and Hering, 2003) . However, under Fe reducing conditions, As-bearing Fe(III) oxides undergo reductive dissolution, releasing As to the aqueous phase (Nickson et al., 2000; Islam et al., 2004; Pedersen et al., 2006; . A seasonal change to anoxic groundwater appears to induce reductive dissolution of arsenic from the Fe(III) oxide hosts.
The extent of As release from sediment is controlled by reduction of Fe(III) and As(V) (Nickson et al., 1998; Islam et al., 2004; Fendorf et al., 2010) , but whether Asmobilizing reactions occur is dependent on both the Fe/ As phase and organic matter available (Stuckey et al., 2016) . Batch incubations of Jianghan Plain sediment show that at $20 m depth, As is transferred to the aqueous phase upon onset of anaerobic conditions without the need for an exogenous electron donor (Fig. 7) . Arsenic release occurs on the timescale of hours to days (Figs. EA-2 and EA-3), which supports field data showing arsenic concentrations changing over weeks to months (Fig. 1) . Detrital carbon is reactive toward As host minerals at these depths. Carbon NEXAFS analysis indicates that organic matter co-located with As-enriched sediments (20-23 m) is more oxidized than adjacent sediments as noted by a higher 288/285 eV peak ratio (Fig. 6 ). LaRowe and Van Cappellen illustrated through a thermodynamic analysis that oxidized C is more easily metabolized in anaerobic environments than relatively reduced C compounds (LaRowe and Van Cappellen, 2011). The relatively oxidized C co-located with abundant sediment As could more effectively fuel Fe(III) reduction and As release compared to relatively reduced C compounds in adjacent sediments. Addition of electron donor (glucose) doubles the amount of As released to solution through (further) microbial reduction of As(V) and Fe (III)-oxides (Fig. 7) ; these reductive processes are known to be key drivers of As transfer from the solid to aqueous phase (Kocar et al., 2006; . Our results show that As release from sediment (of 20-m depth) is possible on the order of hours to days under simulated field conditions with or without addition of an exogenous carbon source for microbial respiration.
Although $10 lg g À1 As is released from 20 m sediment without the addition of a reduced carbon source, glucose addition doubles the amount of As released (Fig. 7) . Sediments from all depths that were amended with glucose undergo net reduction (Fig. 7) , but As release is limited to the near-surface and $20 m sediments (Fig. 7) . Arsenic release in near-surface sediments may provide a sustained source of As to the aquifer while As (along with Fe) in the subsurface may be cycled between oxidized (insoluble) and reduced (soluble) phases. Increased As release with glucose addition implies that while carbon addition is not a prerequisite for As release (at the 1.5 and 20 m depths), the sediments could respond to inputs of DOC to the subsurface by releasing additional As through stimulated microbial reduction.
The depth of maximum bulk As concentration ($20 m) also results in the largest As release, but even on a massnormalized basis the sediments at 20-23 m release 3-5 times more As than any other depth measured (Fig. EA-4) . In contrast, arsenic release from deep sediments does not occur in sediment incubations from the Mekong Delta (Stuckey et al., 2016) . Similarly, a lack of As release without carbon amendment has also been observed in Bangladesh sediment incubations from 13 m (Islam et al., 2004) and 43 m depths (Dhar et al., 2011) . In West Bengal, organic leaching from peat layers has been postulated to supply C utilized in Fe-oxide reduction, releasing As to the aqueous phase (McArthur et al., 2004) . However, we did not observe peat deposits in the shallow aquifer of the Jianghan Plain, and sediment C content is less than 3% throughout the sediment profile (Table 2) .
Impacts on seasonally variable arsenic concentrations
Seasonal variation in groundwater As concentrations have not been reported for Bangladesh (Cheng et al., 2005) or West Bengal, India (McArthur et al., 2010) , and seasonal variations are restricted to wells proximal to the Mekong River in Cambodia . Within the noted systems of Bangladesh/West Bengal and Cambodia, recharge through fine-grained surface sediments means that transport of As and/or DOC from the surface to the aquifer is on the order of 100-1000 years under natural conditions Richards et al., 2016; Lawson et al., 2016) or on the order of decades with irrigation or other large-scale pumping (Harvey et al., 2006) . Fracture flow has also been implicated in increasing infiltration rates through impermeable clay layers by two orders of magnitude in Bangladesh (Stahl et al., 2014) . These previously measured flow rates are incompatible with the seasonal changes in groundwater arsenic concentrations observed in the Jianghan Plain .
A deep sediment zone with high solid-phase As and a carbon source capable of providing electrons for As and Fe reduction would yield conditions suitable for rapid seasonal shifts in As concentrations in the aquifer-provided an oxidant is also seasonally supplied to the aquifer. During periods of groundwater discharge, reducing conditions prevail and As is released from buried sediments causing an increase in dissolved As concentrations (Fig. 9B) . When water levels change and groundwater recharge occurs, an oxidant (O 2 , NO 3 ) is delivered to the reduced water causing a drop in As concentrations (Fig. 9A ).
Although surface recharge provides an oxidant that temporarily decreases As concentrations, it also may promote As reduction and release at depth during anoxic periods. Modest DOC influx from the surface can stimulate enhanced reactivity of buried carbon at depth (Fontaine et al., 2007) , and influx of an oxidant such as O 2 has been shown to increase the reactivity of in situ carbon compounds via direct (self-priming) oxidation (Aller, 1994) or indirect (Hall and Silver, 2013 ) mechanisms that include production or activation of oxidative hydrolytic enzymes that initiate organic matter decomposition/alteration. Because a seasonal switch to aerobic conditions may make more C compounds subject to oxidation compared to anaerobic conditions (LaRowe and Van Cappellen, 2011; Keiluweit et al., 2016) , seasonal incursions of O 2 could further oxidize C compounds that were thermodynamically unavailable under anaerobic conditions and provide a renewed source of oxidized C compounds seasonally. This annually renewed source of relatively oxidized C compounds would make Fe(III) reduction reactions thermodynamically viable after O 2 is consumed. Further, Fe(II) and As(III) are oxidized during this period, potentially forming a phase that is more reactive toward microbial reductive dissolution upon transition to anaerobic conditions. The decrease in Fe(II) (aq) also serves to make the energetics of Fe(III) reduction more viable following the aerobic period. Thus, dissolved oxygen, and possibly nitrate, that leads to a temporary decrease in As concentrations likely also regenerates the reactivity of the in situ carbon source with As (V)-Fe(III) oxides, leading to season shifts in groundwater As concentrations of up to 1000 lg L À1 .
Relevance to other major river basins of Asia
Arsenic is mobilized through reductive dissolution of Fe/As oxides throughout Asia, but the source of organic carbon and the reactivity of the Fe/As oxides varies. In the Red River Delta, sediment burial age and reactivity of sedimentary carbon have been used to explain spatial variation in As concentrations (Postma et al., 2012) . In the Mekong Delta, the dominant process leading to As contaminated aquifers results from reduction of surficial finegrained sediments combined with vertical transport of solutes to the aquifer Kocar et al., 2008) ; thus, the spatial distribution of As depends on land surface features and hydrology. In the Ganges-Brahmapu tra-Meghna delta system, a variety of carbon sources have been proposed to explain As concentrations in the subsurface. A process of surficial As release similar to the Mekong has been posited (Polizzotto et al., 2005) as well as Fe(III) reduction sustained by transport of surface-derived carbon to the subsurface (Harvey et al., 2002; Mailloux et al., 2013) or by detrital organic carbon (Meharg et al., 2006 ). In contrast, the processes controlling As concentrations in the Jianghan Plain differ from As contaminated aquifers in South and Southeast Asia despite the similarities in sediment origin. Throughout the sediment profile in the Jianghan Plain, arsenic exists as a combination of H x AsO 4 xÀ3 , H 3 AsO 3 , and arsenic sulfides (Fig. 3, Table 3 ). However, unlike As-contaminated systems in South and Southeast Asia, sediment in the Jianghan Plain is arsenic-enriched in an oxidized layer $20 m below the surface (Fig. 2) , and As is readily released from aquifer sediments. Seasonal changes in As concentrations at the field site are consistent with rapid As release in laboratory incubations (Figs. EA-2 and EA-3). Sediments with low microbially reactive carbon content would not release significant amounts of As without addition of an exogenous source of reactive carbon such as inflow of DOC (Harvey et al., 2002; Neumann et al., 2010; Mailloux et al., 2013) . However, we have previously shown that at this field area, groundwater recharge results in decreased As concentrations due to aquifer oxidation . In the Jianghan plain, we find that detrital carbon and in situ Fe(III) minerals are sufficiently reactive to cause microbially mediated reduction and transfer of As from the solid to aqueous phase.
Potential for future arsenic release
Depth integration of bulk solid phase As concentrations (Fig. 2, Table 2 ) shows that 390-728 g As per m 2 resides in the As-enriched zone alone. This implies that each m 2 of the field area containing similar stratigraphy has the potential to contaminate 39-73 Â 10 6 L (39,000-73,000 m 3 ) of water to the 10 lg L À1 level, or 390-730 m 3 of water to 1000 lg L À1 . Guided by our batch incubations, we estimate that 10-20% of the sediment-associated As is easily mobilized and thus each square meter with similar stratigraphy has the potential to contaminate 39-73 m 3 (10% release) or 78-146 m 3 (20% release) of water to 1000 lg L
À1
. Assuming a vertical column of water beneath this zone and a porosity of 0.4, the As-enriched zone could supply As sufficient to contaminate the entire aquifer to 1000 lg L À1 to a depth of 100-360 m (using various assumptions and calculations of depth integration and 10-20% release). Finally, using conservative estimates (390 g As m
À2
, 10% of As available for release, Asenriched zone as the sole source of As) the As-enriched zone needs to extend under only 5% of the land area to explain As concentrations throughout the aquifer noted in in July 2013, the month of peak As concentrations observed at the site (Duan et al., 2015; Schaefer et al., 2016) .
CONCLUSIONS
Annual variations in As, Fe(II), and S 2À concentrations in the Jianghan Plain arise from seasonally shifting surface and groundwater flow gradients and an associated oscillation of reductive and oxidative processes . Arsenic-enriched sediment at $20 m depth provides a source of As to the aquifer. Batch sediment incubations showed that the arsenic in this zone undergoes reductive dissolution, especially when stimulated by glucose addition (Fig. 7) , although an exogenous carbon source was not necessary for substantial As release. The oxidative formation and reductive dissolution of Fe(III)-oxides under seasonal redox changes explains the observed seasonal variability in As concentrations at the field area. These results support sediment reductive release of arsenic at depth (ca. 20 m). Our observations suggest that within the Jianghan plain sediments, under current conditions, organic carbon in the sediments is capable of promoting As release. However, we cannot discount the potential of surface derived DOC as an additional driver of As mobilization. Seasonal changes in groundwater flow likely drive redox cycling; the specific role of hydrological change in supplying or modifying organic carbon remains unknown but likely promotes the reactivity of both organic matter and As-bearing Fe(III) oxides.
From the Jianghan plain, we surmise that As concentrations are altered by human activities changing subsurface hydrology and chemistry; land use changes that may alter arsenic groundwater concentrations include pond excavation (Neumann et al., 2010) , groundwater extraction, and infiltration of organic compounds (Ziegler et al., 2015) . Likewise, continued monitoring of As concentrations used for drinking and irrigation is necessary across Asia as we continue to understand the complex mechanisms leading to As contamination in Asian groundwater.
